We report the first observation of high-spin states in nuclei in the vicinity of the "island of inversion", populated via the 18 O+ 18 O fusion reaction at an incident beam energy of 34 MeV.
I. INTRODUCTION
Neutron-rich nuclei are currently of great interest as they exhibit structural properties very different from nuclei near the β-stability line. Evolving shell gaps and disappearance of magic numbers seen in neutron-rich nuclei challenge the conventional shell model theory.
The "island of inversion" comprised of neutron-rich isotopes of Mg, Na, and Ne with N∼20 is one of the best examples of such unexpected structure changes observed in nuclei with large neutron-proton asymmetry. Investigations into the extent of this island and the transition region around it will lead to a greater understanding of the evolution of the structure of the atomic nucleus.
Nuclei in and around the "island of inversion" have in general been studied using transfer/deep inelastic reaction [1] [2] [3] [4] [5] , or β-decay [6] or heavy ion inelastic scattering or deuteron inelastic scattering [7] . However such non-equilibrated reactions have certain limitations, like contamination from dominant fusion-evaporation channels, low production cross-sections, low spin population and coincident emissions from the binary partner. The above limitations can be circumvented to a very large degree by using fusion-evaporation reactions with a neutron-rich target and a neutron-rich projectile. In this paper we present the results of a spectroscopic investigation of nuclei in the vicinity of the "island of inversion"( 33,34 P and 33 S), populated via the fusion-evaporation reaction. 34 MeV was provided by the 14 UD BARC-TIFR Pelletron facility at TIFR, Mumbai. The choice of the incident energy was determined by the earlier reported excitation function measurements [8] which indicate a considerable cross-section for these nuclei at this incident energy. The neutron-rich 18 O target was prepared by heating a 50 mg/cm 2 -thick Ta foil in an atmosphere of enriched Oxygen to form Ta 2 O 5 . The total 18 O equivalent thickness was estimated to be 1.6 mg/cm 2 on both sides of the Ta foil. The deexciting γ rays were detected by an array of 7 Compton-suppressed Clover detectors placed at ∼30
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plane. An event was recorded when at least 2 Clovers fired in coincidence. A total of ∼1 billion such γ-γ coincidences were recorded. The data were recorded using CAMAC based data acquisition system LAMPS [9] and analyzed using IUCSORT [10] [11] [12] and RADWARE [13] software packages. The data were pre-sorted to correct for any on-line drifts to ensure that there were relatively no gain changes between any two list mode data sets within the experiment and, then, were precisely gain matched to ensure that data from each detector had a constant energy dispersion. The energy calibration was performed using radioactive sources 152 Eu and 133 Ba and beam-off radioactivity data. The data were sorted into symmetric and asymmetric γ-γ matrices. The genetic correlation between the de-exciting γ rays was established from the symmetric γ-γ matrix after background subtraction and efficiency correction.
The asymmetric matrices were used to assign the spin and parity for the observed levels on the basis of angular correlation and the linear polarization measurements, as described in the next section.
III. EXPERIMENTAL RESULTS

A. Determination of spins and parities
The multipolarity assignments have been performed from the observed coincidence angular correlations. Assuming pure (stretched) transition, the coincidence intensity anisotropy can be used to distinguish between ∆J = 1 and ∆J = 2 transitions. A qualitative assignment for the multipolarity of the γ-transition from the angular correlation measurements is obtained following the procedure detailed in Ref. [14] . The experimental R DCO in the present work is defined as:
I γ1 (at 90 0 gated by γ 2 at θ)
where θ is 30 0 and 150 0 . When the gating transition (γ 2 ) is a stretched quadrupole transition, R DCO ∼1 for a pure quadrupole (γ 1 ) and ∼0.5 for stretched pure dipole transition(γ 1 ).
Similarly, a gate on a dipole transition would result in R DCO ∼2 for a pure quadrupole and ∼1 for a pure dipole transition. These intensity ratios were obtained from the angledependent γ-γ matrices assuming stretched transition for the gates and after incorporating necessary efficiency corrections. The experimental R DCO values determined from quadrupole and dipole gates have been plotted for several transitions belonging to 33,34 P, 33,34 S in Fig. 1 and Fig. 2 respectively. The present statistics did not permit us to extend these measurements to the weak transitions. As seen from the figures, it is possible to distinguish between ∆J = 1, and ∆J = 2 transition following the above procedure. For mixed transitions the plot essentially provides a qualitative way of determining the dominant multipolarity considering the proximity of the R DCO value to the ∆J = 1 or the ∆J = 2 line.
The angular correlation measurement is not sensitive to the electric or magnetic character of the radiation. The information on this was obtained from the linear polarization measurements. Clover detectors have an advantage over conventional single crystal detectors as they allow such measurements to be made.
The angular distribution of linearly polarized gamma rays from an axially oriented ensemble of nuclei is given by [15, 16] 
where B λ are orientation tensors describing the degree of orientation of the parent nucleus and U λ are deorientation coefficients. P λ are the ordinary Legendre polynomials and P (2) λ2 are the unnormalized associated Legendre polynomials. A λ are angular distribution coefficients which depend on the spin of the initial and final state and the multipolarity of the γ-transition. The coefficients A λ2 depend on the electromagnetic character of the radiation [17] .
θ is the angle that the electric vector of the emitted quanta makes with the orientation axis and ψ is the angle between the electric vector E of the emitted quanta and the reaction plane (Fig. 3) .
The degree of linear polarization Pθ of a γ ray is defined as the difference between the intensities of the radiation presenting an electric vector parallel to the reaction plane (ψ = 0 0 ) and that with an electric vector perpendicular to the plane (ψ = 90 0 ) [17] [18] [19] :
where the normalization is such that -1 ≤ P(θ) ≤ +1.
P(θ)= 0 for an unpolarized γ-ray and has a maximum value at θ = 90 0 ,
where a 2 and a 4 are the angular distribution coefficients and the H 2 and H 4 coefficients depend on the initial and final spin and the mixing ratio, δ [20, 21] .
Experimentally linear polarization of gamma rays was detected and measured through
Compton scattering [17] . The differential Compton scattering cross-section is given by [17] 
where r 0 is the classical electron radius, ν is the Compton scattering angle with respect to the direction of the incident γ ray, and χ is the angle between the electric vector E of the primary radiation and the scattering plane defined by the direction of the incident and the scattered photons (Fig. 3) . This cross-section is relatively high and polarization sensitive for a wide photon energy range. Maximum scattering occurs at χ = 90 0 .
The Clover detectors used in the experiment acted effectively as Compton polarimeters.
The detectors placed at ∼90 0 were particularly useful since polarization is maximum in that direction. Each crystal of a Clover detector acts as a scatterer and the two adjacent crystals act as the absorbers. The asymmetry between the perpendicular and parallel scattering with respect to the reaction plane distinguishes between electric and magnetic transitions.
The experimental asymmetry or ∆ IP DCO (IPDCO stands for "Integrated PolarizationalDirectional Correlation from oriented nuclei") at 90 0 between perpendicular and parallel coincidence rates is defined [19] as
where N ⊥ and N are the number of photons with a given energy scattered along the direction perpendicular and parallel to the reaction plane, respectively, in the detectors placed at ∼90 0 and in coincidence with another photon detected in at least one other detector in the array. This is called an integrated PDCO because the polarization of one γ quantum is measured and the information is integrated over all the possible emission directions of the accompanying coincident radiation.
"a" denotes the correction due to the asymmetry in response of the clover segments. This factor is energy dependent (a = a 0 +a 1 E γ ), and is determined using a radioactive source (having no spin alignment) under similar conditions. This correction is defined as [18, 19] 
The values for a 0 and a 1 for the present experimental setup were 1.00007(0.00698) and
∆ IP DCO values were evaluated from asymmetric γ-γ matrices whose one axis corresponds to the perpendicular or parallel scattered events in the clovers at ∼90 0 and the other axis corresponds to the total energy recorded in any of the other detectors. Gates were put on the full energy peaks of the perpendicular and parallel matrices to obtain spectra representing either perpendicular or parallel scattering respectively, and from these, the N ⊥ and N values were obtained for each transition. Fig. 4 is a representative background subtracted difference spectrum of perpendicular and parallel gates. The positive peaks indicate electric transitions whereas negative peaks indicate magnetic transitions.
The linear polarization is related to the asymmetry by the polarization sensitivity Q(E γ )
as [18, 19] 
Q(E γ ) is dependent on the incident gamma-ray energy and the geometry of the polarimeter and its values, were obtained for a similar setup as reported by Palit et al. [22] . The theoretical polarizations were determined using eq.(4) by calculating the angular distribution coefficients a 2 , a 4 and the H 2 , H 4 functions for each value of the multipole mixing ratio δ using the formalism given in Refs. [20, 21, 23] . The calculation of theoretical polarization requires two inputs, viz., the width of the m-state distribution and the mixing ratios. Polarization depends significantly on the distribution of the nuclear state over its magnetic substates. When the alignment is partial, the angular distribution coefficients for complete alignment [23] have to be multiplied with the attenuation coefficients as formulated by Der Mateosian and Sunyar [21] , which depend on the factor σ/J where σ is the width of the distribution of the m-states, assuming a Gaussian distribution [23] . The choice of σ/J was made following the simultaneous analysis of the R DCO and ∆ IP DCO values for several transitions of known spin and parity. Fig. 6 and Wherever quantitative measurements were not possible due to insufficient statistics, parity assignment was done qualitatively from the corresponding gated perpendicular and parallel spectra. When gates were put on coincident gamma transitions and more counts were observed in the perpendicular gated spectra than in the parallel, the observed γ-ray was assigned an electric nature. The reverse was true for assignment of a magnetic nature. Thus the previously reported spin-parities of the levels in 33,34 S and 33,34 P that were observed in the present experiment, have been confirmed either quantitatively or qualitatively.
B. Level schemes
The nuclei populated in the experiment as determined from the projection spectra and supported by the beam-off radioactivity data were 34 S, 33 S, 34 P, 33 P, 32 P and 30 Si. Fig. 9 depicts the projection spectrum of the symmetric γ-γ matrix. The use of fusion evaporation reaction to populate the above-mentioned nuclei has clearly enhanced their production compared to deep-inelastic/transfer reactions [5] as is evident from Fig. 10 and assigned multipolarities of the observed transitions, the assigned excitation energies and spin-parities of the levels, and the γ-ray branching ratios for decay of those levels are listed in Table II. A quantitative measure of R DCO and/or linear polarization has not been possible for some transitions. In those cases, a qualitative assignment has been made as explained in the previous section. The multipolarities listed in One of the main motivations of the present experiment was to undertake polarization and coincidence angular correlation measurements following fusion reaction to confirm the spin-parity assignment of the 2305-keV level in 34 P. In Ref.
[5], we had assigned J π = 4 + to this level, whereas it had been assigned 4 − by earlier workers [2, 27] . The 429-keV was established as a magnetic dipole transition from the DCO and polarization analysis method described in the previous section. The 1876-keV γ ray de-exciting the 2305-keV level has a R DCO value 1.62(26) (Fig. 2) and linear polarization measurements yielded a near-zero value for ∆ IP DCO , establishing it as a highly mixed (L = 2, L ′ = 3) transition for the first time (Fig. 19 ). This is also evident from the difference between the 429-keV gated perpendicular and parallel scattering spectra (Fig. 17) , where the number of counts under 1876 keV peak is nearly zero. In such cases, the polarization measurements cannot distinguish between M2/E3 and E2/M3 mixing. As is evident from the graph, the mixing ratio range obtained from the analysis of the linear polarization measurements is also consistent with the angular correlation measurements.
Thus, both these measurements are indicative of -1.03≤ δ 1876 ≤ -0.27. This supports an M2/E3 assignment for the 1876-keV transition and J π = 4 (−) to the 2305 keV level. This needs to be confirmed with precise lifetime measurements, however. peaks. This was done as our efficiency measurements (performed with a 152 Eu source) did not have data points in this energy region where escape contribution becomes significant.
33 S
Prior to this experiment 33 S has been studied via light ion reactions [31] . In this experiment, the level scheme of (TABLE I) .
IV. THEORETICAL RESULTS
Shell model calculations using the code NuShell@MSU [32] Hamiltonian [33] , was used.
In 34 P the positive-parity states 1 + and 2 + , which are expected to be dominated by the pure sd configurations, are well reproduced within the full sd-space shell model calculations (0hω) (using the sdpfmw interaction) and are consistent with the sd calculation of Brown [34] .
The predicted binding energy of the ground state is -191.971 MeV, which matches very well with the experimental value -192.04 MeV [34] . The mixing ratio of the 429-keV transition predicted by shell model is -0.0024, which is also within the range determined from our polarization measurements.
Excitations of nucleons from sd shell into fp shell are essential to explain the negativeparity states (minimum 1 particle in the fp shell) as well as the high-spin, positive-parity states (minimum 2 particles in the fp shell). Due to computational limitations, unrestricted calculations were not possible and only one particle could be excited to the pf shell (1hω).
It has been reported by several authors that there is an overestimation of the sd-pf gap in the corresponding interaction which required the lowering of the single-particle energies of the f and p orbitals [24, 35] . No such attempt was made in the present calculation. Fig. 21 shows a the comparison between the calculated and the experimental levels in 34 P.
The 7 + state predicted by the shell model is at a very high excitation energy (11366 keV) and hence has not been included in the figure. As seen from Fig. 21 , the high-spin positiveparity states are much higher in excitation energy than the corresponding experimental levels. This is likely due to our inability to excite more than one particle into the fp shell.
There is a reasonable agreement in excitation energy between the J π = 4 − , 5 − , 6 − levels predicted by shell model and the observed 2305-, 3353-and 4630-keV levels, respectively.
Thus, the theory corroborates our spin-parity assignments at least for the negative-parity The results are summarized in TABLE IV. In all cases, the calculations predict very little mixing, unlike the experimental observations. The E3 transition strengths are several orders of magnitude higher than the corresponding shell model predictions. Clearly, there is a need to perform these calculations with a better Hamiltonian encompassing a realistic cross-shell interaction, and/or with a more complete wave function incorporating configurations arising from multi-particle excitations into the fp orbitals.
The 0hω calculations for 33 P and 33 S reproduces the low-spin positive-parity states. However, the 1hω calculations fail to generate the first experimentally-observed negative-parity state, 7/2 − , in both nuclei. The predicted energies of the high-spin, negative-parity states are higher than the experimental values by several MeV.
V. CONCLUSIONS
The level structure of the generally difficult to access nuclei 33,34 P and 33 S has been investigated using heavy-ion fusion reaction which has resulted in a substantial enhancement in their production cross-sections. The level schemes of these nuclei have been considerably extended. Spin-parity assignments have been made following a consistent analysis of both the coincidence angular correlation and linear polarization data. The results indicate that the 1876-keV transition de-exciting the 2305-keV level in 34 P is a mixed transition and plausibly has a M2/E3 admixture; however precise lifetime measurements would be required to confirm this assignment unambiguously. The shell model calculations emphasize the need for detailed microscopic calculations to understand the observed level sequences and mixing ratios. The deformed shell model could provide an insight into the observed level structures due to the occupation of deformation-driving orbitals such as f 7/2 .
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